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ABSTRACT 


The  feasibility  of  designing  a  wideband,  high-efficiency  vertical  inci¬ 
dence  antenna  capable  of  providing  either  a  single  or  split  beam  centered 
on  the  zenith  has  been  investigated  by  the  use  of  scale  models.  It  was  found 
that  two  log-periodic  dipole  array  elements  arranged  in  an  H-plane  array  fed 
properly  over  ground  would  provide  the  required  beam  configuration  in  the 
H-plane . 

A  performance  investigation  as  a  function  of  the  various  design  parameters 

g 

was  conducted  where  the  design  parameters'  variation  was  li^iited  to  some  ex¬ 
tent  by  the  practical  considerations  involved  in  an  antenna  designed  for  the 
2  to  32  Me  frequency  range.  It  was  found  that  there  existed  a  combination  of 
parameters  which  would  provide  a  reasonably  good  compromise  between  ideal  pat¬ 
tern  and  impedance  performance,  the  impedance  performance  being  the  more  crit¬ 
ical  of  the  two, 

IXiring  the  parameter  investigation  some  interesting  antenna  feed  problems 
w  re  encountered  and  investigated  to  the  extent  of  solving  the  problems  for 
the  special  applications  involved  in  the  model  studies  being  conducted. 


1.  Introduction 


This  report  describes  the  work  that  has  thus  far  been  done  in  an  effort 
to  design  a  practical^  wideband,  high  efficiency,  vertical  incidence  radio 
location  array.  As  stated  in  Supplement  #1  to  the  original  proposal  for  con¬ 
tract  Nobsr  85243,^  there  is  a  need  for  such  an  antenna  to  complement  the 
oblique  incidence  steerable  type  D/F  arrays  at  high  angles  of  elevation  and  to 
furnish  information  on  current  ionospheric  conditions  so  these  conditions  can 
be  related  to  the  D/F  errors  of  the  steerable  type  arrays. 

The  general  objectives  in  the  design  of  the  full-scale  vertical  incidence 
array  as  proposed  are  as  follows:  (1)  the  structure  should  be  wide  band  in 
its  operation,  that  is,  the  pattern  and  impedance  characteristics  of  the 
structure  should  be  essentially  independent  of  frequency  over  the  2  to  32  Mc/s 
frequency  range;  (2)  Since  the  array  would  be  used  for  transmitting  as  well 
as  receiving,  it  is  necessary  that  the  structure  have  good  efficiency;  (3)  The 
structure  should  be  capable  of  handling  30  KW  peak  power  and  an  average  powe if  of 
at  least  1  Kw;  (4)  The  structure  should  be  designed  so  that  it  is  capable  of 
withstanding  the  environmental  conditions  one  would  expect  to  find  in  the 
middlew/estern  United  States. 

The  detailed  design  objectives  a’-e  as  follows:  It  is  desirable  for  the 
array  to  consist  of  an  arrangement  of  elements  such  that  sum  or  difference 
modes  of  operation  can  be  selected  as  desired  in  two  orthogonal  planes, 

(see  Figure  la  and  lb).  In  the  case  of  the  sum  mode,  the  single  beam  centered 
on  the  zenith  should  be  approximately  90°  wide  between  half  power  points.  In 
the  case  of  the  difference  mode  the  maxima  of  the  four  beams  should  be  approxi¬ 
mately  45°  from  the  zenith^  and  the  null  between  the  four  lobes  should  be  at 
least  20  db  down  from  the  beam  maximum.  (See  Figure  Ic. ) 

The  impedance  of  the  structure  connected  in  either  the  sum’  or  difference 
mode  should  be  approximately  50  ohms  with  the  input  VSWR  referred  to  50  ohms 
less  than  2:1  over  the  2  to  32  Mc/s  frequency  range. 

2.  General  Approach  to...  the  Design  of  the  Vertical  Incidence  D/F  Array 

The  first  step  in  the  design  of  the  vertical  incidence  array  was  to  se¬ 
lect  a  structure  which  could  be  easily  adapted  as  a  basic  element  of  the 
array.  From  a  survey  of  the  information  available  on  log-periodic  antennas. 


(a).  PICTORIAL  VIEW  OF  THE  RADIATION  PATTERN  OF  A  4-ELEMENT 
ARRAY  OPERATING  IN  THE  DIFFERENCE  MODE 


(B)  pictorial  view  of  the  RADIATION  PATTERN  OF  A  4-ELEMENT 
ARRAY  OPERATING  IN  THE  SUM  MODE 


(,C)  DESIRED  BEAMWIOTH  OF  THE  SUM  MODE  AND  'BEAM 
LOCATION  OF  THE  DIFFERENCE  MODE 


Figure  1.. 
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tine  log-periodic  dipole  array  showo  in  Figure  2  appeared  to  be  the  most  prom¬ 
ising  for  several  reasons:  (1)  Tne  log-periodic  dipole  array  has  well  behaved 
single  lobe,  unindirection,  radiation  characteristics  as  well  as  good  impedance 

characteristics;  (2)  There  is  a  great  deal  of  practical  design  information 

2 

available  on  this  type  structure;  (3)  This  type  structure  has  been  used  for 

3 

a  similar  application;  (4)  The  general  construction  of  this  type  structure 

is  readily  adaptable  to  low  frequency  applications. 

Having  selected  the  basic  element  of  the  array,  the  next  problem  was  how 

to  arrange  the  elements  in  an  array  to  give  the  pattern  performance  desired, 

4 

As  was  shown  by  DuHamel  and  Berry,  it  is  possible  to  arrange  basic  log- 
periodic  elements  in.  a  multi -element  array.  However,  in  order  to  realize 
frequency  .independent  performance  of  such  an  array,  it  is  necessary  to  arrange 
the  elements  so  that  the  dimensions  of  the  active  region  of  the  array  remain 
constant  in  te.rms  of  wavelength.  It  is  a  known  fact  that  the  phase  center  of 
a  log-periodic  element  is  located  approximately  at  a  constant  distance,  d_  in 

5 

te.rms  of  wavelength  .from  the  vertex,  of  the  element,  see  Figure  In  order 

to  maintain  a  constant  spacing,  b,  in  terms  of  wavelength  between  the  phase 
centers  of  adjacent  elements  in  an  array,  it  is  necessary  to  locate  the 
vertices  of  the  elements  of  the  array  at  a  common  point,  V,  with  a  constant 
angle,  between  the  planes  of  the  elements. 

In  the  case  of  the  proposed  four-element  vertical  incidence  antenna,  it 
xs  necessary  to  array  two  cross  sets  of  two  elements  each.  Thus,  placing 
.four  elements  on  the  four  faces  of  a  pyramid  and  feeding  elements  located  on 
opposite  faces  of  the  pyramid  as  an  array  is  a  compact  and  logical  arrangement 
See  Figure  4, 

To  provide  the  desired  pattern  configuration  syrametrlcally  centered  on  tne 
zenith,  irhere  is  a  choice  of  two  possible  arrangements  of  the  pyramid  wi  tn 
respect  to  the  ground-.  If  only  high  frequency  operation  were  of  interest, 
the  array  would  be  sma,l'l  enough  to  construct  many  wavelengths  above  the  ground 
thus,  the  ground  would  have  very  little  effect  on  the  operation  of  the  array. 
Put,  since  the  proposed  full  scale  antenna  is  very  large,  it  is  impossible  lo 
get  It  high  enough  above  the  ground  to  achieve  the  so-called  free  space 
conditions.  Thus,  the  logical  arrangement  of  the  array  is  one  where  the 
ground  becomes  part  of  the  antenna.  This  is  done  by  pointing  the  pyramid  at 
the  ground  with  the  vertices  of  the  dipole  array  elements  meeting  at  a  point 
just  above  ihe  ground.  This  arrangement  has  the  effect  of  including  the  image 
of  the  antenna  as  additional  elements  of  the  array  in  the  proper  manner  to 
pertrir  f '’<=*quency  independent  performance. 


Figure  2.  Log~periodlc  dipole  array 


b=2d  cos  DISTANCE  BETWEEN  ELEMENT  PHASE  CENTERS 

Figure  3.  Two  element  log-periodic  dipole  array  over  ground. 
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iverte 
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In  the  early  part  of  the  model  pattern  investigation,  both  arrangements 
were  actually  tried,  and  indeed,  it  was  found  that  when  the  array  was  operated 
near  the  ground  the  one  pointing  at  the  ground  gave  the  best  performiance. 

Since  this  structure  is  ultimately  being  designed  for  the  2  to  32  lie 
frequency  range,  some  restriction  as  to  the  choice  of  the  design  parameters  is 
imposed  by  physical  size  considerations.  To  better  understand  these  problems, 
a  short  discussion  of  the  physical  sizes  involved  is  in  order  (see  Figures  5a 
and  5b).  First  of  all,  a  wavelength  at  2  lie  is  492  ^eet.  This  means  that  the 
longest  dipole  of  a  dipole  array  element  will  be  approximately  250  feet  in 
length.  If  the  a  angle  of  the  dipole  array  is  22. 5®^  the  length  of  the  element 
from  vertex  to  the  longest  dipole  will  be  approximately  300-  feet.  If  each 
element  makes  a  30°angle,  with  the  ground  the  longest  dipole  will  be  150 
feet  above  the  ground.  In  order  to  compensate  for  the  sag  that  is  inherent  in 
such  a  structure,  the  tallest  tower  used  to  support  the  structure  will  be 
'between  180  and  200  feet  in  height.  The  height  of  200  feStlfor  the  supporting 
tower  is  just  about  a.  practical  upper  limit,  thus  the  angle  above  ground  is 
limited  to  approximately  30®.  Actually  the  height  of  the  towers  depends  on 
•both^  the  d  angle  and  the  angle  the  element  makes  with  ground.  If  the  a 
angle'  is  increased  the  angle  above  ground  can  be  increased  to  correspond  to 
this  practical  upper  limit  of  the  tower  height.  Figure  5b  showstthe  :case 
where  d  =  30®  and  ~  general,  however,  the  smallest  practical  d 

angle  Is  approximately  22.5®. 

Since  the  t  ratio  determines  the  number  of  dipoles  of  each  element  with 
the  number  of  dipoles  largest  for  the  largest  ratio,  it  is  desirable  to  keep 
the  T  ratio  as  low  as  possible.  The  minimum  number  of  dipoles  is  desirable 
from  the  standpoint  of  weight,  ice  loading,  cost,  etc.  The  above-mentioned 
limitations  were  kept  in  mind  when  designing  the  several  models  listed  in 
Table  (I). 

3l  .Small  Model  Pattern  Investigation 

In  order  to  gain  insight  into  the  effect  of  the  various  design  parameters 
on  the  radiation  characteristics  of  the  two-element  array  pointed  at  the  groupd 
system,  several  pattern  models,  listed  in  Table  I,  were  constructed  and 
measured.  These  models  were  designed  to  have  a  low  frequency  limit  of  approxi- 
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TOP  VIEW 


SIDE  VIEW 


Figure  5a.  Representative  dimensions  of  $  full 
scale  2*element  vertical  incidence 
array  designed  for  the  2-32  Me 
frequency  range. 


Figure  5b.  Representative  dimensions  of  a  full 
scale  2  element  vertical  incidence 
array  designed  for  the  2-32  Me 
frequency  range. 


10 


table  T 


Antenna 

a 

VI  (AR)  2 

30° 

VI  (AR)  2B 

30° 

VI  (AR)  2C 

30° 

VI  (AR)  3A 

37.  5° 

VI  (AR)  3B. 

37.5° 

VI  (AR)  5 

22.5° 

VI  (AR)  5A 

22.  5° 

VI  (AR)  6 

37.5° 

VI  (AR)  6C 

37.5° 

VI  (AR)  7 

30° 

VI  (Ar)  7B 

30° 

VI  (AR)  8 

30° 

VI  (AR)  8B 

30° 

VI  (AR)  9 

30° 

VI  (AR)  10 

22.5° 

VI  (AR)  11 

30° 

VI  (AR)  llA 

22. 5° 

VI  (AR)  12 

22.5° 

T 

Lobes  from 

zenith 

0' 

• 

00 

90° 

46° 

• 

00 

120°  ' 

37.  5° 

,84 

150° 

33.0® 

00 

130° 

39.5® 

.84 

150° 

37  .  6® 

.84 

90° 

45.3® 

.84 

150° 

28.0° 

.707 

150° 

47.6° 

.707 

130° 

51.0° 

.707 

150® 

38.5° 

.707 

130° 

42.5° 

.775 

150® 

30.  2° 

.775 

120® 

36.  4° 

.88 

150® 

34.35° 

.707 

15Q® 

24® 

.60 

150® 

22.8° 

.60 

120® 

28.4° 

.50 

150® 

25.  6® 
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mately  500  Me  were  measured  from  5O0  Me  to  2000  Me  in  all  cases  and  some 
were  measured  to  4000  Me  depending  on  the  detail  of  construction  of  the 
dipoles  near  the  feedpoint  of  the  dipole  array  elements.  In  general,  the 
models  were  constructed  as  shown  in  Figure  6a.  The  feed  technique  used  for 
these  models  is  shown  in  Figure  6b.  More  comments  concerning  the  feed  technique 
will  be  made  later  in  the  section  on  impedance  measurements. 

Typical  sum  and  difference  patterns  of  one  of  the  models  is  shown  in 
Figure  7.  For  this  particular  set  of  parameters  (a  =  30°,  t  =  ,775,  and  = 
150°^,  the  average  angle  from  the  zenith  of  the  different  lobes  is  31°,  The 
average  hull  depth,  is  approximately -25  db.  -The  H-plane  beamwidth-  of  the-  sum 
mode  is  approximately  34°,  The  E-plane  beamwidth  is  approximately  the  same  as 
for  a  single  dipole  array  element  which  is  approximately  65°, 

Figure  8  is  a  plot  of  the  measured,  average  angles  of  the  difference 
beams  from  the  zenith  as  a  function  of  the  4*  angle  for  the  various  combinations 
of  a  and  measured.  Not  enough  models  were  tested  to  get  detailed  curves 
but  the  trends  are  clearly  shown.  Given  a  constant  k  angle,  the  beams  are 
farther  away  from  the  zenith  for  the  smaller  4^  angle.  This  is  exactly  what 
one  would  expect,  since  by  making  the  4^  angle  smaller  the  aperture  of  the 
array  becomes  smaller  and  the  pattern  has  a  tendency  to  become  broader.  It  is 
also  shown,  in  general,  that  a  given  constant  4^  angle  the  structures  having  the 
wider  a  angles  have  the  greater  beam  spread.  Here  again  the  phase  center  of 
the  structures  with  the  wider  a  angle  are  nearer  the  apex  of  each  element,  thus 
the  distance  between  the  phase  centers  is  smaller  for  the  wider  a  angles  and 
the  effective  aperture  is  smaller  which  results  in  a  spreading  of  the  beams. 

A  phenomena  for  which  thei'e  is  at  present  no  explanation  is  the  variation  of 
beam  spread  with  t  ratio.  From  previous  measured  results  on  free-space  models, 
it  has  been  found  that  the  variation  of  element  phase  center  with  ’’’  is  very 
slight.  For  the  structures  which  have  a  angles  of  30°  and  t  ratios  of  .707, 

.775  and  .84,  the  one  having  a  7"  of  .707  gave  the  widest  beam  spread  for  a 
given  4^  angle. 

Figure  9  is  a  plot  of  beam  spread  as  a  function  of  the  a  angle  for  se¬ 
veral  7“  ratios  and  4*  angles.  Actually  this  is  the  same  data  of  Figure  8  pre¬ 
sented  as  a  function  of  d  instead  of  4^.  The  same  trends  as  those  of  Figure  8 
are  apparent;. 


(a)  GENERAL  CONTRUCTION  OF  A  SINGLE  LOG-PERIODIC 

DIPOLE  ARRAY  ELEMENT  USED  FOR  PATTERN  MEASUREMENTS 


(b)  TYPICAL  FEED  POINT  OF  >A  2-ELEMENT  ARRAY 

PATTERN  MODEL 

Figure  6; 


DIFFERENCE  PATTERNS 


SUM  PATTERNS 


>*0 


2000  Me. 


2000  Me. 


r  *  .775 


a  *30* 


♦  *I50* 


Figure  7.  Representative  sum  and  difference 


Fig^ure  8 
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These  purves  in  the  last  ♦■’a'o  figures  represent  the  average  performance  of 
the  models  of  Table  I  over  the  design  parameters-!  as.  indicated.  '  Howeve;r/  occa¬ 
sionally  a  measured  pattern  would,  show  mild  to  sever  break“up  as  compared  to 
the  average  perfoimance  for  that  model.  This  pattern  break-up  usually  occurred 
near  the  high  frequency  limit  of  the  particular  model  being  considered;  Al^o, 
the  pattern  break-up  was  usually  accompanied  by  a  sharp  increase  in  the  cross- 
polarikation  of  the  structure.  The  true  reason  for  the  pattern  break-up  was  not 
known  when  the:  models  were  first  tested.  Several  possible  explanations  for 
this  difficulty  were:  (1)  accuracy  in  the  modeling  techniques  being  inade¬ 
quate;  (2)  incorrect  feed  technique;  (3)  the  nearness  of  the  ground  system 
was  effecting  the  current  dl^^strlbutioh  on  the  ^structure  in  such  a  way  that 
the  performance  of  the  structure  wais  ho  longer  frequency- independent,  or  (4) 
any  combination  of  these  possibilities. 

Since  all  but  a  very  few  of  the  patterns  over  a  wide  frequency  range  for 
any  one  antenna  were  approximately  the  same,  it  was  felt  that  basically  the 
structure  was  functioning  as  a.  frequency  independent  antenna.  Thus,  although 
admittedly  the  ground,  was  effecting  the  behavioi*  of  the  structure,  fhey  were 
for  ail  practical  purposes  frequency-independent.  Since  this  pattern  break-up 
occurred  at  -the  higher  frequencies  predominately,  it  suggested  that  perhaps 
the  models  should  be  constructed  more  accurately  at  the-  h|lgh  frequency  portion 
of  -  the  .structure,  iu' order  -to- ‘gain  some- insight’  into  the  effect  of  more 
accurate  modeling,  the  structure  shown  in  Figure  10  was  constructed.-.  As 
shown  in  the  figure,  the -spacing- between  the  feed  line  is  uniformly  tapered 
from;  the  back  of  the  structux-e  to  its  vertex.  This  was;  accomplished  by 
wrapping  the  feedlines  around  a  conical  dielectric  rod.  Also,  the  diameters 
of  the  dipoles  are  varied  so  -that  an  approximate  constant  length  to  diagjeter 
ratio  was  maintained.  The  .design  parameters  of  this  model  .are  a  =  22.  5^  and 
^  -  *84.  .It  was  found  that  a  single  element  of  this  type  gave  good  free 
space  patterns  over  a  frequency  range  of  500  to  abpve  7000  Me. ,  (Figure  11) 
which  indicated  that  the  better  modeling  techniques  used  had  substantially 
improved  the  performance  of  this  basic  element.  Two  Identical  elements 
arranged  in  an  array  with  a  4*  angle. of  150°  produced  the  sura  and  difference 
patterns  shown  in  Figure  12.  -For  the  most  part,  these  patterns  were  quite 
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Figure  11.  Representative  free  space  patterns  of  the 

single  element  high  frequency  dipole  array  model. 
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Figure  12.  Representative  sum  and  difference  patterns  of  the  high 

frequency  model  of  a  two  element  vertical  incidence  array. 
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good- over  the  frequency  range  of  500  to  5500  Me.  There  were  a  few  frequencies 
where  an  unbalance  of  difference  lobes  was  observed;  however,  this  unbalance 
probably  was  due  to  the  two  elements  not  being  exactly  Identical. 

The  maxima  of  the  difference  lobes  remained  at  an  average  angle  of  28° 
from  the  zeroth..  The  sura  patterns,  taken  over  the  same  frequency  range,  gave 
an  average  half  power  beamwidth  of  28°. 

In>  general,  this  model  showed  that  a  structure  of  this  type  could  be 
cpnstrucf.ed  to  function  over  a  wide  frequency  range  without  appreciable  pat¬ 
tern  break-up. 

4.  Pattern  Calculations 

To  methodically  investigate  the  effects  of  design  parameter  variation 
on  the  perforaance  of  an  .antenna  experimentally,  requires  that  a  model  be  con¬ 
structed  and  measured  for  each  value  of  the  parameter  under  investigation 
while  holding  all  other  parameters  constant.  If  the  number  of  parameters  is 
large  and  if  the  range  of  each  parameter  is  relatively  wide,  then  the  number 
of  models  required  is  extremely  large  and  a  great  deal  of  time  is  required  to 
construct  and  measure  the  models.  However,  if  one  is  able  to  devise  an  ideal 
model  which  closely  approximates  the  performance  of  the.  actual  antenna  and  if 
a  mathematical  formulation  can  be  derived  which  represents  the  performance  of 
the  ideal  nKKlel  as  a  function  of  the  various  design  parameters,  then- a  high¬ 
speed  computer  can  be  used  to  calculate,  the  performance  of  the  ideal  model 
over  the  range  of  each  design  parameter  in  a  very  short  time. 

The  only  way  to  optimize  the  design  of  any  antenna  is  to  inyestigate 
methodically  its  perforaance  as  a  function  of  the  design  parameters  over  an 
adequate  range  of  these  parameters.  ; 

in  the  preceding  section,  the  experimentally  obtained  performance  of 
the  vertical  Incidence  antenna  was  given  for  a  few  models.  But  not  enough 
data  were  obtained  to  plot  complete  curves  of  antenna  radiation  performance 
as  a  function  of  major  design  parameters  a,  gnd  In  order  to  select  the 
combination  of  these,  parameters  which  give  the  optimum  radiation  performance 
(within  limits  imposed  by  a  full  scale  mo^l' consideration)';  ^a  g'reSt  de*l'’»iOEe 
data  wduld^i  be  necessary. 

Observing  this  fact  prompted  an  attempt  to  calculate  the  radiation  pat¬ 
terns  of  the  antenna  as  a  function  of  the  design  parameters.  The  formulation 
of  the  problem  was  as  follows:  If  one  assum^'"  that  the  ground  system  is  a 
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perfect  conductor,  then  Figure  13a  shows  the  antenna  and  its  image.  This 
assumption  is  justified  since  in  practice  an  artificial  ground  system  would 
be  provided  for  the  antenna.  Wlien  the  image  is  included,  the  effect  is  that 
of  having  a  four-element  array  instead  of  the  apparent  two-element  array. 

Now,  by  choosing  the  mode  of  operation  (sum  or  difference),  one  establishes 
the  phase  relation  of  the  currents  in  the  elements  of  the  array.  In  the 
case  of  the  differeroe  mode,  for  example,  the  currents  in  the  two  real  elements 
are  180°  put  of  phase.  It  then  follows  from  the  theory  of  images  that  the  cur 
rents  in  the  images  are  180°  out  of  phase  and  that  currents  of  an  element  are 
‘1§P°  out  of  phase  with  its  image. 

The  calculation  of  the  pattern  for  the  array  and  its  image  would  be  very 

simple  if  the  radiation  characteristics  of  the  elements  were  omnidirectional. 

However,  as  shown  in  the  figure,  the  element  patterns  are  unidirectional.  To 

M  0  * 

simplify  this  problem,  a  function  E  (0-*)  =  cos  ~  was  assumed  to  represent 
the  radiation  pattern  of  each,  element.  The  exponent  M  was  chosen  so  that  the 
beamwidth  of  the  assumed  pattern  was  equal  to  the  average  measured  beamwidth 
of  the  element  being  x’epresented;  the  angle  0'  is  the  angle  from  beam  maximum 
of  the  element. 

Using  this  assumed  element  pattern,  the  formula  shown  in  Figure  13b  was 

derived.  The  d  in  the  formula  is  as  was  defined  in  section  2— the  distance 

in  wavelengths  between  the  vertex  and  phase  center  of  each  element..  The 

phase  center  of  the  array  was  assumed  to  be  at  the  point  where  the  vertices 

of  the  elements  and  their  images  meet.  The  parameter  appears  in  the  formula 

However,  the  parameter  a  is  accounted  for  by  the  value  of  ^  Figure  14 

^  2 

shows  a  plot  of  <1  as  a  function  of  q  angle  taken  from  a  paper  by  Carrel  . 

The  parameter  T  is  accounted  for  in  the  choice  of  M  in  the  formula  for  the 
element  radiation  pattern. 

Using  the  formula,  sum  and  difference  patterns  for  the  two-element  verti¬ 
cal  Incidence  array  were  calculated  for  values  of  vj;  from  90°  to  160°.  For 
this  case,  d/  =  .35,  corresponded  to  an  a  angle  of  approximately  30°  and  an 
element  H-plane  beamwidth  of  130  was  assumed.  This  assumed  beanfltidth  corres¬ 
ponds  approximately  to  an  element  having  a  t  ratio. 84  and  an  a  angle  of  30°. 
These  patterns  are  shown  in  Figures  15  and  16. 
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Figure  13.  Piagram  of  a  2-eleraent  vertical  incidence 
array  over  perfect  ground  and  formula  used 
to  calculate  sum  or  difference  patterns 
for  this  array. 
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OC  DEGREES 

Figure  14 .  Location  of  phase  center  from  the  vertex 
of  a  log-periodic  dipole  array  in  terms 
of  wavelength  as  a  function  of  a  angle. 
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Figure  15.  Calculated  sum  and  difference  patterns  of  the 

two  element  log--periodic  vertical  incidence  array 
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Figure  17  is  a  comparison  of  calculated  difference  beam  locations  with 
the  available  corresponding  measured  values  read  from  the  graph  of  Figure  8, 

The  agreement  as  to  difference  beam  location  is  reasonably  good. 

Another  set  of  parameters  were  chosen  and  again  the  sum  and  difference 

patterns  were  calculated  as  a  function  of  angle,  (see  Figures  18  and  19). 

o  d 

In  this  case,  corresponding  to  an  a  angle  of  22.5°^  a  — r —  =  .53  was  chosen. 

\  o 

The  beamwidth  of  the  element  was  chosen  to  be  approximately  110  ,  This  corres¬ 
ponds  approximately  to  a  log-periodic  dipole  array  having  ah  a  angle  of  22.5° 
and  a  t  ratio  of  .84. 

Here  again,  the  difference  patterns  were  relatively  well-behaved  and  com¬ 
pare  reasonably  well  with  the  measured  values  (see  Figure  20).  The  sum  mode 
patterns  show  excessive  sidelobes  as  compared  to  the  measured  patterns  (see 
the  case  of  4*  =  150  in  Figure  12,  for  example).  Apparently,  the  close  prox¬ 
imity  to  ground  changed  the  current  distribution  of  the  elements  of  the 
measured  model  in  such  a  way  as  to  reduce  the  overall  sidelobe  level.  Or, 
in  effect,  the  phase  center  location  of  the  measured  elements  is  not  the 
assumed  free-space  .phase  center  location  used  in  the  calculations. 

Figure  21  is  a  comparison  of  the  calculated  and  measured  sum  mode  beam- 
widths  as  a  function  , of  ^  angle  for  the  two  cases  calculated.  For  the  case 
where  a  =  22,5°,  reasonably  good  agreement  between  calculated  and  measured 
patterns  occurred  at  ^  =  90°,  105°,  and  150°.  But,  for  the  other  measured' 
values,  the  agreement  was  not  very  good.  In  general,  for  both  cases  the 
measured  patterns  had  a  wider  beamwidth  than  the  calculated  ones.  The  reason 
appeared:  to  be  due  to  the  fact  that  the  calculated  patterns  had  definite  side- 
lobes,  whereas  most  of  the  measured  patterns  showed  signs  of  sidelobes  appear¬ 
ing  but  did  not  actually  have  large  sidelobes.  This  is  another  indication  of 
an  incorrect  assumed  element  phase  center  location. 

Additional  pattern  calculations  were  contemplated,  but  due  to  the  contract 
being  revised,  work  was  suspended  at  this  point, 

5,  Impedance  Measurements 

A  brief  search  was  made  in  the  available  literature  to  determine  how 
much  information  was  available,  if  any,  on  the  impedance  of  the  type  of 
structure  being  considered  here.  It  was  known  that  commercial  firms  had 
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Figure  18.  Calculated  sum  and  difference  patterns  of  the 

two  element  log-periodic  vertical  incidence  array 


Figure  19.  Calculated  sum  and  difference  patterns  of  the 

two  element  log-periodic  vertical  incidence  arraj 


Figure  20.  Measured  and  calculated  difference  mode  beam  location  from 
the  zenith  as  a  function  of  4^  angle. 
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Figure  21 .  Calculated  and  measured  sum  mode  beamwidths 
as  a  function  of  +  angle. 
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designed  and.  built  single  element  dipole  arrays  over  gi’bund.  Some  comments 

oh  the  expected  impedance  of  a  single  element  over  ground  was  made  in  a  report 

6 . 

published  by  Smith  Electronics  .  However,  no  published  data  of  impedance  of 
a  single  element  oversground  was  found,  and  of  course,  there  was  no  information 
as  to  the  performance  of  two  elements  fed  as  the  structure  discussed  above. 

To  get  some  idea  as  to  how  one  structure  over  ground  should  behave,  a 
few  high  frequency  models  were  measured  in  free  space  as  a  function  of  the  angle 
between  the  planes  of  the  elements  see  Figiu'es  22  and  23.  Figure  22  shows  a 
plot  of  input  impedance  and  VSWR  of  an  antenna  fed  in  the  sum  or  difference 
mode  as  a  function  of  the  angle  between  the  planes  of  the  elements,  (3,  for  a 
structure  having  a  T  ratio  of  .84  and  an  a  angle  of  15°  A  single  element 
fed  over  gi’ouhd'at  some  angle  |3/2  would  be  inherently  in  the  difference  mode 
due  to  the  180°  current  reversal  in  the  image.  Figure  23  is  the  same  type  of 
plot  except  for  a  structure  having  a  t  ratio  of  .84  and  an  a  angle  of  22.5°. 

In  both  cases,  the  impedance  was  well  behaved  in  general;  and  the  input  VSWR 
was  below  2:1  for  a  large  variation  of  p  angle  for  both  the  sum  and  difference 
modes  of  the  structure  of  Figure  22.  But,  the  difference  mode  VSWR  was  above 
2:1  over  the  same  range  of  p  for  the  structure  of  Figure  23.  It  appears  that 
the  mutual  coupling  between  elements  is  less  on  the  structure  having  an  a 
angle  Of  15°^  thus,  deteriorating  the  VSWR  to  a  lesser  degree  as  compared  to 
the  stTOcture  an  q  angle  of  22.5°. 

Figure  24  shows  the  plot  of  impedance  and  VSWR  as  a  function  p/2  for  a 
single  element  over  ground.  This  particular  structure  had  a  t  ratio  of  .84 
and  aii  a  angle  of  17°  and  was  constructed  to  operate  down  to  a  lower  frequen¬ 
cy.  The  dashed  curve  on  the  plot  is  for  the  same  single  element  in  Tree 
space.  If  one  compares  the  performance  of  this  structure  with  the  difference 
mode  performance  of  the  structure  of  Figure  22,  it  is  observed  that  the  shape 
of  the  VSWR  curve  is  approximately  the  same.  However,  the  input  impedance 
curve  of  this  structure  is  more  irregular  than  the  corresponding  curve  of 
Figure  22.  The  variation  of  input  impedance  of  this  structure  as  a  function 
of  angle  above  ground  resembles  the  variation  of  the  input  impedance  of  a 
dipole  as  a  function  of  the  height  above  ground.  This  seems  to  be  a  reason¬ 
able  comparison,  in  which  an  oscillatory  type  variation  occurs  near  ground 
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Fir'TC’  22.  Froo  space  input  nn!»cdanc«  and  VSWR  of  a  two  element 
array  connected  in  a  .sum  or  diflerence  mode. 
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of  a  two  element  array  connected  in 
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24.  VSWR  and  input  impedance  as  rfisiSuActi'on  Tofnailgie 
above  ground,  P/2^  for  various  a  angles . 
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and  the  input  impedance  approaches  the  free  space  input  impedance  as  the  dis¬ 
tance  above  ground  increases. 

All  the  dipoles  of  the  models  used  in  obtaining  the  data  in  the  last 
three  plots  were  constructed  of  tubing  and/or  large  wire  as  indicated  by  the 
relatively  small  h/a  ratio  of  the  elements  (h  is  the  half  length  of  a  dipole 
and  a  is  the  radius  of  the  same  dipole).  The  h/a  ratio  for  these  structures 
was  not  held  constant;  that  is,  the  dipoles  of  the  elements  in  question  were 
not  scaled  in  diameter  or  the  scaling  was  done  in  non-periodic  steps.  The 
feed  transmission  lines  for  these  structures  consisted  of  tubing  with  the  feed 
coaxial  line  being  brought  in  through  one  of  the  tubes  (See  Figure  25a). 

Since  the  full  scale  model  of  this  vertical  incidence  antenna  will  be 
constructed  for  a  low  frequency  of  2  Me,  the  dipoles  will  necessarily  be 
constructed  of  small  cable  or  wire  (less  than  1/4  inch  in  diameter).  The  h/a 
ratio  of  these  elements  will  be  very  large;  for  example,  if  h  =  125  feet  and 
a  =  1/8  inch,  h/a  =  125  x  12  x  8  =  12000.  It  is,  of  course,  not  feasible  to 
construct  a  scale  model  having  such  a  high  h/a  I'atio.  In  an  attempt  to  be 
more  realistic  in  the  construction  of  scale  models,  a  model  was  constructed 
using  wire  .025  inches  in  diameter  for  the  dipoles.  The  t  ratio  of  this 

•  model  was  .775,  and  the  model  was  constructed  in  such  a  way  that  the  p/2 

■  angle  could  be  easj'^y  varied.  AiSo,  the  a  angle  could  be  varied  with  very 

•  little  reconstruc’  u  The  following  table  gives  the  low  frequency  limit, 
h/a  ratio  of  th'  ,cenna  for  three  values  of  a  angle,  and  a  parameter  cr 

(a  function  of  and  '^)  that  will  be  defined  later. 


Table  II 


a 

Approximate 

h/a  ratio 

a 

Low-Frequency  Limit 

variation 

15° 

305  Me 

21.8  -  772 

.21 

22.  5° 

196  Me 

33.6  -  1193 

.136 

o 

o 

CO 

141  Me 

46.9  -  1660 

,097 

The  feed  system  used 

for  this  model  was  the 

same  as  for  the  previous  models. 

that  is,  the  system  as 

shown  in  Figure  25a, 

The  impedance  of  the 

feeder  line 

was  approximately  190  ohms. 
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Figure  25.  Construction  techniques  used 
_ for  impedance  and  pattern  models 
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The  single  element  input  impedance  and  VSWR  were  measured  as  a  function 
of  the  angle  above  the  ground  system,  p/2,  for  the  three  a  angles.  Figure  26 
shows  a  plot  of  these  data.  If  one  competes  the  15°  a  angle  plot  of  Figure  26 
with  the  17°  a  angle  plot  of  Figure  24,  it  is  observed  that  the  general  per¬ 
formance  of  the  two  structures  is  similar  as  one  would  expect.  However,  the 
VSWR  of  the  15°  a  structure  of  Figure  26  is  slightly  higher,  and  the  varia¬ 
tion  of  the  input  impedance  arid  VSWR  with  a  change  in  p/8  angle  is  more  irreg¬ 
ular.  This  is  probably  due  to  the  high  h/a  ratio  of  the  second  structure  as 
compared  to  the  first.  The  actual  value  of  input  impedance  cannot  be  compaz’ed 
since  the  first  structure  had  a  feeder  impedance  of  106  ohms  and  the  second 

structure  had  a  feeder  impedance  of  190  ohms.  As  discussed  to  some  length 

2  ‘ 

in  Carrel's  report,  the  actual  input  impedance  of  a  dipole  array  is  a  func¬ 
tion  of  the  feeder  impedance. 

Since  the  last  model  was  designed  in  such  a  way  that  the  t  ratio  remained 

constant  as  the  a  angle  and  low  frequency  limit  was  varied,  another  interesting 

2 

comparison  can  be  made  with  the  calculated  data  of  Carrel's  report  .  Carrel 
defiried  a  parameter  0  which  is  a  function  of  both  a  and  t  or  cr  k  \/4  (1  -  t). 

b’6^..a-,  .Fi^ire  JVrjL's.'a  jgraphitoipi'esentafibn  of  ,thiS:  cojnf/arison. 

Presented  on  tnis  graph  are  two  calculated  curves  of  VSWR  as  a  function 
of  <J  for  ratios  of  .7  and  .8.  In  both  cases  the  h/a  ratio  was  177.  The 
measured  VSWR  curve  as  a  function  of  (7  for  a  structure  shaving:  a  ratio  of 
.775  is  as  shown.  This  comparison  implies  again  that  a  structure  with  a 
high  h/a  ratio  is  more  sensitive  to  parameter  changes  than  one  with  a  low 
h/a  ratio.  This  is  generally  true  for  a  dipole  antenna,  too. 

Since  feeder  transmission  lines  made  of  tubing  are  not  very  practical  for 
a  full  scale  model,  an  attempt  was  made  to  replace  the  tubing  with  open  wire 
lines  as  shown  in  Figure  25b.  This  meant  that  the  structure  must  be  fed  from 
the  front  end  similar  to  the  first  pattern  models,  that  is,  by  attaching  one 
of  the  conductors  of  the  open  wire  line  to  the  center  pen  of  a  feed  coaxial 
'  connector  located  at  the  vertex  of  the  structure  and  attaching  the  other 
■  conductor  to  the  ground  near  the  same  point.  The  measured  VSWR  of  the  arrange¬ 
ment  was  much  higher  than  when  the  tubing  was  used.  It  was  felt  that  perhaps 
the  reason  for  this  high  VSWR  was  that  the  conductors  of  the  open  wire  line 
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Figure  26.  VSWR  and  input  impedance  as  a  function  of  angle 
above  ground,  {5/2;  for  various  a  angles. 


(could  not  be  held  parallel  over  the  length  of  the  structure. 

To  provide  a  solution  of  this  problem  and  at  the  same  time  incorporate 
additional  improvements  discovered  since  building  this  last  wire  dipole  model, 

I  another  model  was  constructed.  The  dipoles  of  this  latest  dipole  array  model 

i*  were  consti'ucted  of  wire  .008  inches  in  diameter,  in  an  effort  to  make  this 
structure  even  more  realistic  than  the  last  as  far  as  h/a  ratio  was  concerned. 

The  feederline  of  this  structure  consisted  of  two  wires  . 008  inches  in  diam¬ 
eter  spiraled  around  a  long  teflon  rod.  The  objective  was  to  keep  these  wires 
as  parallel  as  possible,  thus  keeping  the  impedance  of  the  feeder  transmission 
I  line  as  uniform  as  possible.  The  rod  was  of  the  proper  diameter  to  give  ap- 
I  proximately  300  ohms  impedance.  Figure  25c  shows  a  sketch  of  the  general  i  . 

I  coupling  arrangement.  Here  again  in  the  design  of  this  latest  structure,  means 

I 

f  were  provided  for  varying  the  angle  above  ground  as  well  as  the  a  angle.  The 

? 

T  ratio  of  this  latest  structure;  was  .84.  Also,  this  new  structure  was  con- 

1 

1  structed  on  a  large  enough  sheet  of  aluminum  that  a  second  structure  could  be 

i 

l  added  in  the  arrangement  of  Figure  3.  Figure  28  is  a.  sketch  of  one  element  of 

i 

this  model. 

*  The  first  step  was  to  measure  the  VSWR  and  input  impedance  of  a  single 

\  element  using  the  feed  technique  of  Figure  6.  The  Smith  Chart  plot  was  father 

\  strange  in  appearance.  The  general  technique  utilized  in  measuring  the  imped- 

} 

*  ance  of  this  type  structure  is  to  measure  approximately  five  points  per  period, 

’  c  * 

that  is,  start  at  some  at  some  frequency,  say  f  and  pick,  four  more  evenly 

^  -1 
spaced  frequencies  over  a  period  such  that  the  last  one  is  equal  to  f  t  ^ 

For  well-behaved  log-periodic  structure  the  impedance  of  f^  and  f ^  ^  ^  should 
be  approximately  the  same.  On  a  Smith  Chart  plot,  a  smooth  curve  drawn  through 
all  five  points  should  be  approximately  a  circle.  Ordinarily  many  periods 
are  thuslymmeasured,  and  the  measured  VSWR  and  input  impedance  are  based  on  , 
the  largest  ;circle -containing  all  these  points.  After  measuring  this  single 
element  over  several  periods,  it  was  noted  that  most  of  the  points  fell  within 
'  a  very  definite  area  on  the  Smith  Chart;  however,  several  points  fell  with  a 
more  or  less  random  distribution  at  varying  distances  from  this  well-defined 
area.  Checking  these  "wild  points"  a  second  time  gave  only  very  minor  varia¬ 
tion  in  their  location. 

Looking  closely  at  a  period  containing  one  of  these  points,  it  was  observed 


that  as  the  frequency  was  increased  by  small  increments  from  a  value  where  the 
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Figure  28.  A  sketch  of  the  impedance  model  having 
the  spiral  open  wire  feeder  line. 
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plot  was  well-behaved  to  a  frequency  where  one  of  these  "wild  points"  occurred, 
the  impedance  changed  very  rapidly.  In  order  to  determine  exactly  what  was 
happening  the  impedance  was  measured  over  several  of  these  periods  with 
frequency  change  increments  of  2  Me  in  the  critical  area.  It  was  found  that, 
indeed,  the  impedance  did  change  smoothly,  but  rapidly,  from  the  well-behaved 
area  over  a  very  narrow  band  (for  example,  a  10  Me  band  at  approximately 
500  Me) .  Checking  some  of  the  measured  periods  where  this  phenomena  was  not 
observed  at  first  showed  that  it  occurred  between  two  of  the  measured  points 
of  the  original  plot.  After  measuring  the  antenna  carefully  over  its  full 
frequency  range,  it  was  observed  that  this  phenomena  occurred  once  every 
period. 

On  checking  the  radiation  patterns  of  this  structure  over  a  couple  of 
periods,  it  was  found  that  over  the  band  of  frequencies  where  the  impedance 
was  erratic  the  cross  polarization  became  excessive.  It  was  felt  that  this 
probafcly  was  the  reason  that  excessive  cross  polarization  was  observed  at 
some  frequencies  when  the  high  frequency  pattern  models  were  being  measured 
as  mentioned  in  Section  3. 

Grounding  one  of  the  feeder  transmission  line  conductors  and  feeding 
energy  to  the  other,  as  in  Figure  29a,  apparently  caused  the  feeder  line  to 
radiate  over  a  narrow  band  of  frequencies  when  the  feeder  became  a  certain 
length  in  terms  of  the  wavelengths  of  the  energy  being  fed  to  the  antenna. 

To  prove  this  was  the  case,  a  balun  transformer  was  used  to  feed  the 
structure  over  some  of  the  bad  periods  near  the  low  frequency  limit  of  the 
antenna  (the  balun  transformer  was  a  bifilar  winding  on  a  ferrite  core, 
intended  for  use  in  the  VHP  television  frequency  range),  see  Figure  29b.  The 
Smith  Chart  impedance  plot  of  the  antenna  impedance  through  this  balun  trans¬ 
former  was  very  well  behaved,  that  is,  the  plot  was  a  well-defined  cluster  of 
points  indicative  of  an  almost  constant  VSWR  with  respect  to  the  average  imped¬ 
ance  value.  Also,  no  excessive  cross  polarization  was  observed  In  the  radia¬ 
tion  patterns . 

The  problem  then  was  one  of  finding  a  balun  transformer  that  would  function 
over  a  wide  frequency  range.  By  experiment,  it  was  found  that  the  first 
transformer  with  modifications  would  operate  up  to  approximately  1000  Me 
reasonably  well.  These  modifications  consisted  of  reducing  the  size  of  the 
ferrite  core  reducing  the  number  of  turns,  and  winding  the  transformer  with 
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the  proper  impedance  transmission  line.  Figure  30a  is  a  representative  Smith 
Chart  plot  of  the  measured  impedance  of  one  element  without  the  transformer; 
Figure  30b  is  the  measured  impedance  of  the  same  element  measured  through  the 
transformer.  The  average  impedance  of  the  element  measured  through  the  trans¬ 
former,  is  much  less  than  that  without  the  transformer  since  there  is  approxi¬ 
mately  a  4:1  impedance  transformation  in  the  transformer  used.  Figure  31  shows 
a  plot  of  measured  data  taken  on  the  single  log-periodic  array  element 
positioned  over  ground  for  the  parameters  as  indicated. 

At  this  point  it  was  felt  that  seme  meaningful  impedance  measurements 
could  be  made  on  the  two-element  vertical  incident  antenna.  So,  the  second 
element  was  constructed  and  mounted  on  the  same  metal  plate  as  the  first.. 

Figures  32  and  33  give  the  measured  VSWR  and  input  impedance  as  a  function 
of  p/2  angle  for  respectively  a  =  30°  and  a  =  22. 5°,  It  will  be  observed 
that  data  are  presented  for  both  the  sum  and  difference  modes.  The  actual 
impedance  levels  are  not  too  meaningful  since  the  exact  impedance  transforma¬ 
tion  of  the  transformer  is  not  known.  .  However,  the  relative  levels  are  felt 

to  be  a  good  indication  of  how  the  impedance  varies  as  a  function  of  p/2.  It 

is  interesting  to  note  that  the  angle  corresponding  to  the  optimum  VSWR  (mini¬ 
mum)  is  not  the  same  for  the  sum  and  difference  modes.  In  the  case  of  a  =  30° 
(Figure  32)  the  VSWR  of  the  difference  mode  never  gets  better  than  3. 8  to  1 
(p/2  ss  23°)  while  the  VSWR  of  the  sum  mode  has  a  low  value  of  1.8:1  (p/2  37°). 

For  the  case  of  a  =  22.5°^  the  optimum  VSWR,  1.7:1,  for  the  difference  mode 
occurs  at  a  p/2  angle  of  approximately  26°,  while  the  optimum  VSWR,  1.9:1, 
for  the  sum  mode  occurs  at  p/2  angle  of  &  s:  36°. 

If  one  wanted  to  pick  a  good  compromise  value  of  p/2  the  ’’cross-over  point" 

of  the  two  curves  would  be  the  point  to  choose.  This  "cross-over  point"  occurs 
at  p/2  angle  of  approximately  33°  for  the  structure  of  Figure  33  where  the 
VSWR  for  both  the  sum  and  difference  modes  is  approximately  2:1. 


a  =22.5 
T  =  .84 
^/2=45® 

(b) 

Figure  30.  Comparison  of  the  input  impedance  of  a  single  log-periodic 
dipole  array  element  over  ground,  fed  at  the  vertex 
(a)  without  a  transformer  (b)  with  a  transformer. 
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6 .  ,  Conclusion 

The  objective  of  this  investigation  was  to  determine  the  feasibility  of 
designing  a  wideband,  high  efficiency  vertical  incidence  antenna  capable  of 
producing  a  single  beam  centered  on  the  zenith  or  a  spilit  beam  with  two 
lobes  at  an  angle  0  from  the  zenith  and  the  null  between  the  lobes  centered 
on  the  zenith.  It  is  felt  that  this  objective  has  been  realized.  The  next 
task  was  to  determine  how  the  performance  of  a  two-element  structure  is  de¬ 
pendent  on  the  many  design  parameters  and  to  find  near  optimum  design  para¬ 
meters  in  view  of  the  desired  performance  and  restrictions  placed  on  the 
choice  of  design  parameter  by  the  physical  size  of  an  antenna  designed  for 
the  2  to  32;  lie  frequency  range.  It  was  found  that  the  impedance  is  very  de¬ 
pendent  on  the  parameter  variation.  If  the  optinu^.  match  for  both  the  sum  ^d 
difference  modes  is  desired^  then  a  compromise  must  be  made  between  the  optimum 
match  for  either  the  sum  or  difference  modes.  Of  the  antennas  thus  far  tested, 
it  was  found  that  the  structure  having  a  t  ratio  of  .84,  a  angle  of  22 .5  and  a- 
4^  angle  114°  (4'  =  180°  -  2(33°)  =  114°)  will  give  a  VSWB  of  approximately  2;1 
for  either  the  sum  or  the  difference  mode  of  operation  (see  Figure  33).  While 
an  optimum  VSWR  of  1.7  at  a  p/2  angle  of  23°  is  possible  for  the  difference 
mode  (at  this  same  p/2  angle  the  VSWR  for  the  sum  mode  is  approximately  2.6 
to  1).  The  optimum  ySWR  for  the  sura  mode  was  found  to  be  approximately  1.9  to 
1  at  a  p/2  angle  of  36°  (the  VSWR  of  the  difference  mode  at  this  p/2  angle  is 
approximately  2.3  to  1). 

Assuming  a  4^  angle  of  115°,  the  maxima  of  the  difference  lobes  would  be 
o 

approximately  32  from  the  zenith  for  this  same  structure.  It  would  appear 

from  the  results  of  this  investigation  that  a  compromise  in  desired  pattern 

performance  must  be  made  in  order  to  obtain  an  antenna  with  an  input  VSWR  of 
« 

2:1  or  less.  Since  the  wider  q  angles  :produce  wider  difference  lobes  and  the 
narrower  a  angles  result  in  good  input  VSWR.  Instead  of  desired  difference 
lobe  location  of  45°  from  the  zenith  a-  more  realistic  angle  would  be  between 
30  and  35°. 

The  smaller  a  angles  have  another  deteriorating  effect  on  the  performance 
of  the  antenna  insofar  as  the  sum  i^atterns  are  concerned .  The  phase  centers 
of  the  array  elements  are  farther  apart  for  elements  having  small  a  angles 
and  when  the  planes  of  the  elements  are  above  ground  to  a  point  where  the 
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impedance  performance  is  good  the  phase  centers  of  the  elements  and  their  re¬ 
spective  images  are  far  enough  apart  that  sidelobes  appear  on  the  sum  patterns. 
This  is  undesirable  as  far  as  most  radio  location  applications  are  concerned. 

Also,  this  investigation  has  shown  that  the  elements  of  the  two-element 
array  (this  will  also  be  true  l^r  a  four  -•  -rray)  must  be  fed  in  a 

balanced  manner.  There  are  available  wideband  ferrite  transformers  capable 
of  feeding  a  balanced  antenna  from  an  unbalanced  transmission  line  with  the  power 
levels  required  for  the  full  scale  model  of  the  antenna  discussed  here.  These 
transformers  can  be  purchased  to  match  a  wide  range  of  average  impedance 
levels.  Thus-,  the  actual  average  input  impedance  of  the  antenna  is  not  impor¬ 
tant,  whereas  the  variation  of  the  impedance  over  a  period,  indicated  by  the 
VSWR,  is  important. 
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